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AN INVESTIGATION OF A THERMAL ICE-PREVENTION SYSTEM 
FOR A C-46 CARGO AIRPLANE 
VI - DRY-AIR PERFORMANCE OF THERMAL SYSTEM 
AT SEVERAL TWIN- AND SINGLE-ENGINE OPERATING 
CONDITIONS AT VARIOUS ALTITUDES 
By James Selna and Harold L. Kees 


SUMMARY 

As a part of a comprehensive investigation of a ther- 
mal ice-prevention system for a C-46 cargo airplane , flight 
tests have been conducted to establish the dry-air-performance 
characteristics of the system at various operating conditions 
and altitudes. Complete thermal data were recorded during 
twin-engine operation at various flight conditions and at 
pressure altitudes up to 29,000 feet. Representative thermal 
data were recorded for the wing outer panels during single- 
engine operation at various flight conditions and at pressure 
altitudes up to 18,000 feet. 

The results of the twin-engine tests indicate that, 
for operation at pressure altitudes below 25,000 feet, the 
skin- temperature rises, above ambient-air temperature, of 
the heated- surface leading-edge regions at any test altitude, 
are about the same in magnitude, irrespective of the test 
flight conditions, and that the actual leading-edge skin 
temperatures will change little with altitude if a standard 
ambient-air- temperature gradient prevails. 

The results of the single-engine tests indicate that 
the skin- temperature rises, above ambient-air temperature, 
were about the same, irrespective of the test altitudes and 
test conditions employed. The performance of the thermal 
system during single-engine operation indicates that suffi- 
cient heat is available for limited protection in natural- 
icing conditions. 
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INTRODUCTION 

This report is the sixth of a series which describes 
a comprehensive investigation of a thermal ice-prevention 
system for a Curtiss-Wright C-46 cargo airplane. The 
first five reports of the series (references 1 through 5) de- 
scribe the design and construction of the complete thermal 
ice-prevention system and present the results of flight tests 
in dry-air and in natural-icing conditions. 

Previous tests (reference 4) provided information on 
the performance characteristics in dry air of the thermal 
ice-prevention system during twin-engine operation at pres- 
sure altitudes between 4000 and 18,000 feet. The purpose 
of the investigation reported herein was to extend this 
information to include a wider range of test altitudes and 
engine operating conditions, including single-engine opera- 
tion. 


This research was conducted at the Ames Aeronautical 
Laboratory as part of the general investigation of a thermal 
ice-prevention system for a C-46 cargo airplane, which was 
initiated at the request of the Air Technical Service Command, 
U.S. Army Air Forces. - 


DESCRIPTION OF EQUIPMENT 

The thermal ice-prevention system installed in the 
Curtiss-Wright C-46 cargo airplane (Army serial No, 41- 
12293), shown in figure 1, is completely described in ref- 
erences 1, 2, and 3. The system was in the revised condi- 
tion described in reference 4 during the tests reported 
herein. Detailed information on the design analysis of the 
thermal ice-prevention equipment, the general arrangement 
of which is shown in figure 2, is presented in reference 1. 
Reference 2 completely describes the design and construc- 
tion details of the exhaust-gas-to-air heat exchangers em- 
ployed in the system. Details of the construction of the 
thermal ice-prevention system and of the instrumentation 
provided to evaluate the performance of the system are con- 
tained in reference 3, Details of typical thermocouple and 
pressure-orifice installations are shown in figure 3, and 
an index to the instrumentation is presented as figure 4. 

The NACA temperature- selecting unit, described in reference 3, 
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vas used during the twin-engine tests, and a Brown record- 
ing potentiometer was used during the single-engine tests for 
recording skin, air, and structure temperatures. 


TESTS . 

During all the tests, the airplane was operated at ap- 
proximately 39,000 pounds gross weight. 

The tests for the evaluation of the characteristics of 
the thermal system during twin-engine operation of the air- 
plane were conducted at the following flight conditions and 
altitudes: 


Flight condition 

Approximate pres- 
sure altitude 
(ft) 

1. Level flight, engines 

29,000 

operated at 2400 rpm and 

25,000 

full throttle 

18,000 


14,000 


6,000 

2. Level flight, engines 


operated at: 


(a) 1900 rpm, full, throttle 

25,000 

AM * 

(b) 1900 rpm, 55 percent 

J 18,000 

maximum continuous 

14,000 

power 

L & ,000 

3. Climb at approximately 130 

15,000 

mph, engines operated at 

10,000 

40 in. Eg manifold pressure 

5,000 

and 2400 rpm 



The performance tests of the thermal ice -prevent ion 
system during single-engine operation were conducted at the 
following altitudes and flight conditions: 
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Flight condition 

Approximate pres- 
sure altitude 
(ft) 

1. Approximately 115 mph in- 

18,000 ' 

dicated airspeed, single 

14,000 

. engine operated at maximum 

113,000 

continuous power, flight 

10,000 

attitude adjusted to give 

5,000 

desired indicated airspeed 


2. Descent at about 400 feet per 

18,000 

minute and approximately 

10,000 

140 mph indicated airspeed, 

6,000 

single engine operated at 


1900 rpm, manifold pressure 


as required 


3. Level flight at approximately 


130 mph, single engine 

10,000 

operating at 2400 rpm, mani- 

5,000 

fold pressure as required 


4. Descent at approximately 130 


mph indicated airspeed, 


single engine operated at 

10,000 

30 in. Hg manifold pressure 


and 1900 rpm 



iSingle-engine ceiling. 


The tests were conducted at all the foregoing conditions 
with the right propeller feathered, and were repeated, at all 
these conditions except number 1, with the left propeller 
feathered. For the tests with the left propeller feathered, 
the venturi meter (venturi 12) in the crossover duct was re- 
versed in order to measure the heated-air- flow rate from the 
right outboard heat exchanger to the left-wing outer panel. 

The crossover valves were opened in flight, prior to recording 
data, to distribute the heated air from the operating heat 
exchanger to both of the wing outer panels. 

Complete data were recorded during the twin-engine tests 
to determine the heated-air- flow rates in the ducts, and the 
skin and air temperatures throughout the wing and empennage 
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thermal systems. For the single- engine tests, data were taken 
to determine representative skin and air temperatures for the 
left-wing outer panel, the heated-air- flow rates to "both 
wing outer panels during operation of the left engine, and 
the heated-air- flow rate to the left-wing outer panel only 
during operation of the right engine. 

Flight and engine operating conditions were held con- 
stant for a sufficient length of time prior to the record- 
ing of data to establish equilibrium conditions and assure 
the attainment of representative results. 


RESULTS 

The results of the twin-engine- and single- engine- 
performance tests are presented in tables I and II, respec- 
tively. Table I is arranged in 17 parts, similar to tables 
II through V of reference 4, to facilitate comparison with 
those results. The general flight data and the calculated 
heat flows are given in the first three parts of the table, 
and the temperature and heated-air-flow-rate data are pre- 
sented in the remaining parts. Table II is arranged in 
five parts, with the general flight data and calculated 
heat flows presented in the first two parts, and the heated- 
air- flow rates and representative temperature data pre- 
sented in the remaining parts. Sketches of the instrumented 
sections of the thermal ice-prevention system are provided 
in both tables. The temperatures given in tables I and II 
are actual temperatures, and the ambient-air temperature 
for each test is included in order that temperature- rise 
data may be readily evaluated. The ambient-air temperatures 
given have not been corrected for the effects of kinetic 
heating. 

The thermocouples used to measure the skin tempera- 
tures were washer- type thermocouples (type 1 shown in fig. 3), 
These thermocouples are known to indicate erroneous skin 
temperatures when the washer is in contact with flowing 
heated air. This condition exists for all of the washer- 
type thermocouples installed in the leading-edge regions of 
the heated surfaces forward of the baffle plates. The 
magnitude of this error for thermocouples S19, S20, and 823 
on the underside of the wing at station 159 has been estab- 
lished as about 25° F, with the airplane operating at 1900 N 
rpm, 55-percent maximum-continuous-power cruise conditions 
(reference 4). . Therefore, all of the skin temperatures 
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given in the tables and figures for regions forward of the 
baffle plate are probably considerably higher than the true 
skin tempera t vires , 

Representative results of the full-throttle 2400-rpm 
(condition l) twin-engine level-flight tests have been 
plotted in figures 5 to 11. Figure 5 illustrates the vari- 
ation with altitude of the flow rates and temperatures of 
the air delivered to the left-wing outer panel, the right 
stabilizer, and the vertical fin, and also the variation 
with altitude of manifold pressure and indicated airspeed. 

Figure 6 presents the spanwise skin-temperature variation at 
0 percent chord of the left-wing outer panel. Figures 7 through 
10 present, respectively, the chordwise skin- and air- 
temperature distribution at wing stations 159 and 380, stabi- 
lizer station 125, and fin station 124. Figure 11 illus- 
trates the variation with altitude of the average skin tem- 
perature forward of the baffle plates for the left-wing 
outer panel, the right stabilizer, and the vertical fin. The 
ambient-air- temperature variation with altitude for the full- 
throttle tests is also included in figure 11. 

The chordwise air- and skin-temperature variations at 
wing station 380 are presented in figure . 12 for the single- 
engine-operation tests conducted at 10,000 feet pressure 
altitude. 


DISCUSSION 

The data presented in the tables and curves of this re- 
port indicate the effect of the various twin- and single- 
engine operating conditions on the performance characteris- 
tics (skin temperatures, air temperatures, air-flow rates, 
and structure temperatures) of the thermal ice-prevention 
system at various altitudes. The most important of these 
characteristics are the structure temperatures from a stand- 
point of safety, and the skin temperatures from a standpoint 
of protection in natural- icing conditions. The skin and 
structure temperatures are discussed hereafter. 

Twin-Engine Tests 

The skin-temperature rise (above ambient-air tempera- 
ture) a 3 indicated by any specific thermocouple in the lead- 
ing-edge regions of the heated surfaces was about the same, 
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irrespective of the test flight conditions employed at any 
test altitude below 25,000 feet pressure altitude (table I). 
Curves (figs. 5 to 11) which illustrate the characteristics 
of the thermal system at various altitudes have, therefore, 
been plotted for the full-throttle 2400- rpm (condition 1) 
tests only. The change with altitude of the average actual 
skin temperatures of the leading-edge regions of the wing, 
stabilizer, and fin heated surfaces forward of the baffle 
plates (fig. 11) was less than 30° F for the altitude range 
below 25,000 feet pressure altitude. The rapid decrease of 
these average temperatures above 25,000 feet pressure alti- 
tude is of little concern, since the normal operating alti- 
tude range of the C-46 cargo airplane is well below 25,000 
feet pressure altitude. The ambient-air temperatures for 
these tests, plotted in figure 11, did not correspond to 
standard ambient-air temperature; however, the ambient-air- 
temperature gradient which prevailed did correspond closely 
to the standard ambient-air- temperature gradient (0.00356° 
F/ft), Thus, for the altitude range below 25,000 feet pres- 
sure altitude, the actual leading-edge skin temperatures 
would vary little at any of the test flight conditions and 
altitudes if a standard ambient-air- temperature gradient 
prevailed. 

The temperature of the primary structure of the left- 
wing outer panel was measured at stations 24 and 159 during 
the twin-engine tests (pts. .6 and 8 of table I). The tem- 
peratures of the front spar and the hat- section stringers 
were never over 134° F. The temperatures of the nose ribs 
did not exceed 266° F, which is considered high but not ex- 
cessive for this region of the wing structure. 

Single-Engine Tests 

The skin-temperature rises (above ambient-air tempera- 
ture) measured for the left-wing outer panel (table II and 
fig. 12) were about the same, irrespective of test altitudes 
and flight conditions and irrespective of which engine was 
operated. Thus, if the actual skin temperatures were re- 
ferred to a standard ambient-air- temperature gradient, they 
would decrease at approximately the same rate as the stand- 
ard ambient-air- temperatures decrease with altitude. 

While it has been established that the thermal ice- 
prevention system provided satisfactory protection in all 
natural- icing conditions to which it has been subjected 
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(reference 4), no previous data have been obtained during 
single-engine operation, A comparison of the reduced-heat 
data of reference 4 with the single-engine-operation data 
reported herein, however, permits an estimate to be made of 
the degree of ice protection that would be obtained during 
flight in natural-icing conditions when one engine has failed. 

The average heat supplied to each wing outer panel dur- 
ing the single-engine tests was about 140,000 Btu per hour 
at an average temperature rise above ambient-air temperature 
of about 330° F (pts. 2 and 3 of table II). The heat flows 
to the left-wing outer panel given in table V of reference 4, 
which provided protection in natural- icing conditions, ranged 
from slightly above this amount to considerably below, and 
the heated-air- temperature rises above ambient-air tempera- 
ture were lower. The indicated airspeeds at which the data 
of reference 4 were taken were considerably higher than those 
used during the single-engine-operation tests. Thus, a lower 
external heat- transfer coefficient would prevail during single- 
engine operation, and a smaller quantity of heat would bo re- 
quired for protection. Therefore, it is evident that limited 
protection would be realized in natural-icing conditions when 
one engine has failed. This limited protection would be ade- 
quate for icing conditions similar to those encountered dur- 
ing the tests reported in reference 4; however, it probably 
would not be sufficient to protect the airplane in icing con- 
ditions of greater severity. This comparison, and the con- 
clusions drawn therefrom, are for the wing outer panels only; 
however, since the characteristics of the empennage system 
are similar, the conclusions are probably valid for the en- 
tire airplane. 


CONCLUSIONS 

The following conclusions are based upon the test re- 
sults reported herein and comparison of these results with 
data previously obtained during flights in natural- icing con- 
ditions: 

1. During the twin-engine tests, the skin- temperature 
rises, above ambient-air temperature, of the heated-surface 
leading-edge regions were about the same in magnitude, irre- 
spective of the test conditions at any test altitude below 
25,000 feet pressure altitude. 

2. During twin-engine operation, below 25,000 feet 
pressure altitude, the actual leading-edge skin temperatures 
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of the heated surfaces will change little with altitude for 
the test conditions if a standard ambient-air-temperature 
gradient prevails. 

3. During the single- engine tests, the skin temperature 
rises, above ambient-air temperature, of the heated- surface 
leading-edge regions were about the same in magnitude, irre- 
spective of the test conditions and the test altitudes. 

4. The performance of the thermal system during single- 
engine operation indicates that limited protection from ice 
can be obtained in natural-icing conditions when one engine 
has failed. 

Ames Aeronautical Laboratory, 

Wational Advisory Committee for Aeronautics, 

Moffett Field, Calif. 
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PART 4. - FUSELAGE AIR-FLOW RATES j AIR TEM PE RATURES, a DOUBLE TEMPERATURES . 

TABLE I (CONTINUED) 
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PART a.- WING OUTER PANEL (STATION 1 59) SKIN, STRUCTURE, AND AIR TEMPERATURES. 

TABLE I (CONTINUED) 
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THERMOCOUPLES 


NATI0NA1 ADVISORY COMMITTEE 
FOR AERONAUTICS 






Figure 3 (a to c)~ 
Types of 

thermocouples and 
pressure orifice 
installations used 
to determine per- 
formance of ice- 
prevention equip- 
ment of the 
C-46 airplane . 
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NACA ARR No, 5C20 
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